The X-ray source populations within galaxies are typically difficult to identify and classify from X-ray data alone. We are able to break through this barrier by combining deep new Chandra ACIS-I observations with extensive Hubble Space Telescope imaging from the Panchromatic Hubble Andromeda Treasury of the M31 disk. We detect 373 X-ray sources down to 0.35-8.0 keV flux of 10 −15 erg cm −2 s −1 over 0.4 square degrees, 170 of which are reported for the first time. We identify optical counterpart candidates for 188 of the 373 sources, after using the HST data to correct the absolute astrometry of our Chandra imaging to 0.1 . While 58 of these 188 are associated with point sources potentially in M31, over half (107) of the counterpart candidates are extended background galaxies, 5 are star clusters, 12 are foreground stars, and 6 are supernova remnants. Sources with no clear counterpart candidate are most likely to be undetected background galaxies and low-mass X-ray binaries in M31. The hardest sources in the 1−8 keV band tend to be matched to background galaxies. The 58 point sources that are not consistent with foreground stars are bright enough that they could be high mass stars in M31; however, all but 8 have optical colors inconsistent with single stars, suggesting that many could be background galaxies or binary counterparts. For point-like counterparts, we examine the star formation history of the surrounding stellar populations to look for a young component that could be associated with a high mass X-ray binary (HMXB). About one third of the point sources are not physically associated with a young population, and are therefore more likely to be background galaxies. For the 40 point-like counterpart candidates associated with young populations, we find that their age distribution has two peaks at 15-20 Myr and 40-50 Myr. If we only consider the 8 counterpart candidates with typical high-mass main sequence optical star colors, their age distribution peaks mimic those of the sample of 40. Finally, we find that intrinsic faintness, and not extinction, is the main limitation for finding further counterpart candidates.
INTRODUCTION
X-ray sources probe the most exotic forms of matter in the universe. Those outside of active galactic nuclei, such as X-ray binaries (XRBs) and supernova remnants (SNRs), can only be detected in nearby galaxies. Chandra and XMM-Newton can resolve hundreds of individ-ual stellar-mass X-ray sources in Local Group galaxies, but outside of the Magellanic Clouds, the identification of counterparts for these stellar mass X-ray sources has been hampered by low spatial resolution X-ray data, difficulty separating background galaxies from stars in optical imaging, and stellar crowding.
Over the past decade, our ability to identify highquality counterpart candidates for X-ray sources outside of the Galaxy and Magellanic Clouds has improved greatly due to the combination of high spatial resolution X-ray imaging with Chandra and resolved stellar photometry with the Hubble Space Telescope (HST). Populations of OB star and background galaxy counterpart candidates have been classified out to distances of 3 Mpc, in particular, M31 (770 kpc; Williams et al. 2005b,c,a; Hatzidimitriou et al. 2006; Williams et al. 2014a) , NGC 300 (2 Mpc; Binder et al. 2012 ), NGC 2403 Binder et al. 2015) , and NGC 404 (3 Mpc; Binder et al. 2013) .
As the nearest massive spiral, M31 has been observed extensively in X-rays. Building on early surveys with the Einstein observatory (van Speybroeck et al. 1979 ) and ROSAT (Supper et al. 1997 (Supper et al. , 2001 ), XMM-Newton has mapped the entire interior of the D 25 isophotal contour (Pietsch et al. 2005; Stiele et al. 2011, hereafter S11) , and Chandra has observed the inner disk with the HRC (Williams et al. 2004a) , mapped portions of the disk with ACIS (Di Stefano et al. 2004; Vulic et al. 2016) , and monitored the bulge and nuclear regions for over a decade arXiv:1808.10487v1 [astro-ph.GA] 30 Aug 2018 (Kong et al. 2002; Kaaret 2002; Garcia et al. 2010; Li et al. 2011) . These surveys have detected dozens of transient X-ray sources, and thousands of persistent sources.
Most of the known X-ray sources are unidentified, but many are consistent with emission originating from background active galactic nuclei (AGNs). Others are clearly matched to bright Milky Way foreground stars. However, the most interesting sources are those that may truly be in M31. Pietsch et al. (2005) and S11 provided hundreds of source classifications based on variability and hardness ratios, and they identify dozens of SNRs and XRB candidates based on cross-matching with bright stars and star clusters from ground-based imaging and catalogs. With all of this work, only two strong high mass X-ray binary (HMXB) candidates were seen (sources 1579 and 1716 in S11), potentially because of the difficulties of identifying stellar counterparts in the crowded M31 with the spatial resolution available in these data. By comparing the XMM-Newton catalogs and ground-based photometry, Williams et al. (2014a) obtained spectra of dozens of optical counterpart candidates in the M31 field, finding few, if any HMXBs. Most of their spectra showed the counterparts to be background AGN, even though they were targeted to be blue point sources in ground based imaging.
While all of this work has significantly advanced our knowledge of M31's X-ray source populations, at this point it remains unclear what fraction of the known Xray sources actually belong to M31 and which of the sources are background galaxies being viewed through M31. It is also unclear what the nature of most M31 sources is.
The very recent HST survey of the northern half of M31, the Panchromatic Hubble Andromeda Treasury (PHAT; Dalcanton et al. 2012; Williams et al. 2014b) , offers an opportunity to remedy this situation. PHAT is the largest HST mosaic ever assembled, covering a large fraction of the northern M31 disk in 6 HST filters from the near ultraviolet to the near infrared, supplying photometry for over 100 million stars. The highresolution imaging provides the opportunity to find highquality counterpart candidates for background galaxies and HMXBs. The resolved photometry allows us to determine the physical characteristics of the stellar populations surrounding the X-ray sources.
In addition to allowing us to optically identify background galaxies, we expect the PHAT (Dalcanton et al. 2012; Williams et al. 2014b) footprint to contain > ∼ 20 HMXBs. Measurements of the star formation rate in M31 (Williams 2003; Lewis et al. 2015) are ∼0.3 M yr −1 in the PHAT footprint. The scaling relation between SFR and HMXBs (Grimm et al. 2003) implies ∼20 HMXBs with L X >10
36 erg s −1 should be associated with that amount of star formation, and the relation scaling relation in the Magellanic Clouds (Antoniou et al. 2010) suggests ∼100 Be-XRBs, but only a fraction of these (∼20) are expected to have high X-ray luminosities, usually associated with accretion disk systems (i.e., fed by Roche-lobe overflow). Combining the catalogs of Binder et al. (2015) with the optical catalogs from the ANGST program (Dalcanton et al. 2009 ) suggests a scaling relation between the number of OB stars with M V <−1 and the number of bright HMXBs (L X >10 36 erg s −1 ). There are ∼8×10 4 such stars (m f 475w <23.55, m f 475w −m f 814w <0.5) in the PHAT footprint, which implies ∼30 bright HMXBs. Finally, the summed spectra of sources with L X ∼(5-10)×10
35 ergs s −1 has a photon index consistent with neutron star HMXBs (see Figure 6 of Shaw Greening et al. 2009 ), consistent with this estimate.
So, where are the bright HMXBs in M31? Perhaps they are being missed due to stellar crowding in the M31 disk. To better localize the X-ray sources, we have undertaken a Chandra survey covering much of the PHAT survey area. We designed our survey to provide the largest number of precise positions for the least amount of Chandra time. Our final observations achieved a 0.35−8 keV depth of 3×10 −15 erg cm −2 s −1 (assuming a power-law spectrum with an index of 1.7 and N H =7×10 20 cm −2 (as in, e.g., S11), which corresponds to ∼3×10 35 erg s −1 at the distance of M31 (770 kpc, McConnachie et al. 2005 ). This depth should allow us to detect dozens of HMXBs and provide a reliable test of the predicted numbers.
Low-mass X-ray binaries (LMXBs) are not as simple to identify, even with HST imaging, as their optical counterparts are too faint to be distinguished. However, based on the stellar mass maps from PHAT , there are ∼2×10 10 M in the region covered by our X-ray data, suggesting a LMXB population with L X >3×10 35 erg s −1 of ∼100 according to the LMXB X-ray luminosity function (XLF) from Lehmer et al. (2014) . By identifying a large fraction of the other sources, we can test this prediction for consistency.
By combining Chandra positions with HST imaging, we simultaneously limit the number of potential counterpart candidates, identify the most likely counterpart to the X-ray source based on HST photometry, and easily resolve many background galaxies, which we expect to dominate the X-ray catalog. For the best X-ray binary candidates, the same data set can be used to constrain the progenitor age, physical characteristics of the secondaries, and provide targets for follow-up optical spectroscopy to measure orbital periods. Ideally, timeresolved spectroscopy of the resulting catalog will ultimately provide clean age and orbital period distributions for a sample of M31 X-ray binaries, which can also be tied to the properties of their local stellar populations. Such a sample will provide quantitative tests for predictions of HMXB production from binary evolution models.
In this paper, we present our initial catalog, counterpart candidates, and measure the age distribution of HMXB candidates. In Section 2, we describe the observations of our Chandra survey of the PHAT region, as well as our data reduction technique for measuring the X-ray sources and aligning the Chandra data to PHAT directly. In Section 3, we present our Chandra catalog, cross-matched with the XMM-Newton catalog of S11. We include the most likely optical counterparts in cases where a likely counterpart is present in the HST data. In Section 4, we describe some of the most interesting counterpart candidates, including the best HMXB candidates, and in Section 5 we summarize our work.
OBSERVATIONS AND REDUCTIONS
In October of 2015, we observed the PHAT footprint with Chandra with 7 pointings. The footprints are overlaid on a GALEX NUV image of M31, along with the corresponding HST coverage, in Figure 1 . Using the S11 catalog, we found that by obtaining 25 counts for each 5×10 −15 erg cm −2 s −1 source, we would achieve excellent efficiency in measuring positions, and we would detect fainter sources (down to a faint limit of ∼10 −15 erg cm −2 s −1 ) near the field centers. Therefore, at each pointing we observed for about 50 ks in VF mode. These 7 observations are summarized in Table 1. 2.1. X-ray Photometry We processed these observations independently using CIAO 4.7 with CALDB version 4.6.7 (Fruscione et al. 2006) . We first generated exposure maps and images of the counts covering the full detector with 0.492 pixel resolution using the task fluximage. We made corresponding maps of the point spread function using mkpsfmap. These were put through the task wavdetect using the default parameters, and searching on scales of 1, 2, 3, 8, and 16. The output source regions were then overplotted on the images and inspected by eye to assure that no obvious sources were missed and that all sources appeared to correspond to true overdensities of counts. At the same time, we ensured that sources appearing in multiple observations were noted so that they would appear in our catalog only once, but their measurements in each observation were kept separate to assess variability and position uncertainty. This process resulted in a total of 373 unique detected sources.
Once we had measured the source positions using the initial Chandra astrometric solution that came with the data products, we used the ACIS-Extract (Broos et al. 2010 (Broos et al. ) package (version 4994, 2016 to measure the positions and photometry at all of these locations in the data. We ran ACIS-Extract iteratively, including the task fit positions, to ensure that the software converged on the position of each source on the ACIS-I detector. We looked at multiple possible source positions for each source ("data mean, correlation, and maximum-likelihood reconstruction") in each iteration, and we found that the data mean position both appeared most centered on the sources and converged reliably for all but the faintest, most off-axis sources. We show the impact of our iterative technique in Figure 2 , where we compare the difference in the data mean positions of the sources between the first two iterations in one panel and the last two iterations in another panel. Source names were generated by ACIS-Extract from the input X-ray source positions.
While most sources were observed in only one observation, many were in overlapping regions, allowing multiple measurements. In these cases, the position and position error are from the best (most on-axis) measurement, as are all of the other values in our final catalog.
This process resulted in a limiting flux of 3×10 −15 erg cm −2 s −1 .
2.2. Alignment to PHAT The PHAT data have astrometric accuracy of ∼10 milliarcsec (Williams et al. 2014b) , while typical raw Chandra data have a 90% accuracy of ∼800 milliarcsec 12 . To greatly improve the astrometry of the Chandra data, we 12 http://cxc.harvard.edu/cal/ASPECT/celmon/ aligned the initial source catalog to the PHAT imaging data using the optimized Chandra centroids. We visually inspected all positions on the PHAT imaging data, making note of which sources corresponded to a clear foreground star, star cluster, or bright background galaxy. Examples of these objects are shown in Figure 3 . We then used the IRAF task ccmap to reset the astrometric solution of the Chandra data to force these positions to align with their counterparts in the PHAT catalog. The 26 sources used for alignment are provided in Table 2 so that it is clear which sources were forced to match the PHAT positions. All Chandra observations had at least 3 alignment sources, and the corrections were all <1 .
We fit the positions allowing for rotation, translation, and pixel scale adjustments. However, we checked that the solution recovered a pixel scale of 0.492 (the known Chandra plate scale). Since there is little chance that 0.492 in both the X and Y pixel direction would be the best-fit pixel scale if the matched sources were incorrect, our recovery of this pixel scale provided confirmation that the matched sources we used were correctly identified. For background galaxies, we assumed that the X-ray source corresponds to the center of the background galaxy. If the true positions of the X-ray sources were far off the galaxy center, the fit to the pixel grid would be poor (X and Y plate scales would not likely match). Smaller offsets from the center could go unnoticed, but they would contribute to the RMS scatter in the fit, which is included in the errors.
The RMS of the astrometric solution returned by ccmap, suggests that the Chandra sources are aligned to the PHAT imaging to a precision of better than 0.1 (see Table 1 ). We have used the position uncertainty formula of Kim et al. (2004) to calculate the positional uncertainty for the catalog, setting our floor term to the alignment uncertainty between Chandra and PHAT for each observation provided in Table 1 .
Counterpart Candidate Identification
We plotted 1, 2 and 3 σ error circles for the Chandra X-ray sources on the PHAT mosaic images. These were plotted independently for each observation so that sources detected in multiple observations served as a consistency check on our positional alignment to PHAT, and counterpart candidate. We examined the X-ray image, color PHAT image, and UV-only PHAT image at each X-ray source location. We made a note of any interesting counterpart candidates, which included bright stars, blue stars, UV-bright stars, star clusters, or background galaxies.
When searching for point source counterparts, we made color-magnitude diagrams (CMDs) and color-color diagrams of the stars in the PHAT catalog within 3σ of the Chandra source position in F336W-F475W, F475W-F814W, and F110W-F160W. We inspected these diagrams to look for sources with colors that placed them off of the main CMD features of the survey, or on the upper-main sequence, where the optical counterparts of HMXBs would tend to reside. Because HMXBs have massive secondary stars, if the secondary dominates the optical light, they would reside on the main sequence in these CMDs; however, because the primary could have a bright accretion disk that may irradiate the secondary or produce emission lines, they could be pushed away from the stellar locus on such CMDs. Examples of these CMDs are shown in Figure 4 , where we have plotted points for all sources in the error circle with measured F336W and F475W magnitudes and marked with a star the counterpart candidate we chose by eye. The colorcolor diagram of all of our final point source counterpart candidates is shown in Figure 5 . Figure 4 shows and example of each category of point source counterpart candidate: those with upper-main sequence colors, those with unusual colors, and those not associated with a young population. The unusual colored source has a UV color (upper-left panel) that is typical of an upper-main sequence star, but its optical color is quite red, more like a red He-burning star or red supergiant. Such figures are available for all of the sources in the supplemental material, and point source counterpart candidates from the PHAT catalog are marked as in the Figure 4 example.
The selection of counterpart candidates was iterative. Two people searched the images and CMDs independently, compared notes, and re-examined the positions of sources where there was initial disagreement until the two lists converged on a set of candidates. Table 4 gives brief notes on the sources from this process. When the process was complete, each X-ray source either had one optical source that appeared to be a good candidate (bright star, star cluster, or blue star, UV-bright star, or background galaxy), or no such candidate. Objects with no such candidate could be either highly-extincted (e.g., embedded HMXB, or AGN behind M31 dust), or too faint in the optical to be detected (e.g., faint AGN or LMXB). While our error circles typically contained dozens or more M31 stars, these stars were nearly all similar to the red giant branch stars that are common throughout the galaxy. We chose only point source candidates that stood out as being brighter and bluer either in the UV or optical than the stars in the surrounding area of the field. The chances of such an object being within our rather small error circles by chance was relatively low. Objects of comparable colors and magnitudes have surface densities of ∼10 −2 arcsec −2 in PHAT, and our error circles were typically 2 arcsec −2 , leaving only about a 2% chance of false positives.
Resolved galaxies are difficult to find in an automated way, since they are faint and diffuse and are not properly detected or measured in point source optical catalogs of resolved stars such as that of Williams et al. (2014b) . For example, we cross-correlated our by-eye background galaxies with those identified by the Andromeda Project (AP; Johnson et al. 2015) , which was a crowd-sourcing project in which the public identified star clusters in the PHAT imaging data. As a secondary option, users could also mark background galaxies. They found thousands of relatively bright galaxies in the PHAT footprint visible in the F475W and F814W bands, 28 of which are in the 1σ error circles of X-ray sources in the full sample. However, we have found that many of the other 79 background galaxies that coincide with X-ray source positions are very faint and would likely be missed by those not looking for something specifically at these locations. Furthermore, many of these galaxies have most of their flux in the F160W band, likely because of high absorption in the optical through the M31 disk. AP limited their search to the F475W and F814W imaging, and therefore has likely missed many of these very red background galaxies.
Example images of background galaxy candidates are provided in Figure 6 , and all such images are included in the supplemental data. Figure 4 presents an example finding chart from the PHAT data; the supplemental data include these for all of the sources in the catalog. These finders allow catalog users to assess for themselves the veracity of any chosen counterpart candidate.
Catalog Cross-Matching
We cross-correlated all of these sources with the most recent XMM-Newton catalog (S11) for simple consistency comparisons. This catalog has a limiting sensitivity of 10 −15 erg s cm −2 in the 0.2-4.5 keV band. We matched all sources within 5 of an XMM-Newton source to allow for the XMM-Newton PSF size. These matches are all included in our catalog. There were 311 S11 sources within our survey area. We matched 203 of the Chandra sources to 202 of the S11 sources (S11 1848 matched to both CXO J004648.19+420855.4 and CXO J004648.27+420851.1). To more directly compare our fluxes with previous data from XMM-Newton, we used WebPIMMS to determine conversion factors between ACIS-I count rates in our bands and the S11 0.2-4.5 keV band assuming a power-law spectrum with an index of 1.7 and N H =7×10 20 cm −2 . A large fraction of fainter the sources in this M31 field vary in brightness on long timescales such that they are not detected in all observations. While we found excellent overall agreement for the 203 matched sources, as shown in Figure 7 , the scatter is sometimes beyond the uncertainties due to intrinsic variability of sources. Moreover, most of the fainter sources were only detected in one set of observations. There are 170 sources in our catalog that are not in S11, and 168 of these have 0.35-8 keV fluxes below 1.5×10 −14 erg cm
(∼10 36 erg s −1 ). Many of these were likely fainter during the XMM-Newton observations, since the XMM-Newton observations were sensitive to sources of this brightness. In the other direction, there were 109 sources in the S11 catalog in our fields that were not detected by our observations, and 104 of these had 0.2-4.5 keV fluxes below 1.5×10 −14 erg cm −2 s −1 . The similar numbers suggest that variability on ∼10 year timescales (S11 observations were taken from 2000−2008) is the main cause for the differences. Such variability at the faint end is similar to that seen in a dedicated study of the variability of the XLF in NGC 300 (Binder et al. 2017) , where a large fraction of the sources below 4×10 36 erg s −1 varied significantly between epochs. X-ray binaries and AGNs are known to vary on such long timescales (e.g., Mushotzky et al. 1993; McHardy et al. 2005; Kotze & Charles 2012) ; however, the photon statistics on the flux measurements are severely limited for these faint sources in M31, making it difficult to quantify their variability. These detections are faint, and only put a lower-limit on their amplitude. It is possible that some of these sources could be truly transient, and change in brightness by more than a factor of 100. More detailed variability analysis of sources in this region detected by XMM will be provided in Sasaki et al. (2018, A&A, submitted) , as their more sensitive observations allow for more precise measurements of the X-ray flux.
Two of the brightest sources not seen by both surveys are previously-designated transient outbursts.
The brightest source in S11 that is not in our catalog was S11 1416, which had a 0.2-4.5 keV flux of 8.55×10 −14 erg cm −2 s −1 , and was shown by them to be a known transient associated with a nova. The brightest source in our catalog that was not in S11 (CXO J004420.54+413702.3) was designated a transient source by Swift (Henze et al. 2015) . This source had a 0.2-4.5 keV flux of 3.5×10
−13 erg cm −2 s −1 in our observations. We found no clear optical counterpart candidate for this source inside of its very small error circle, suggesting it is a low-mass X-ray binary.
The only other bright source that does not appear in both catalogs is CXO J004427.13+412258.2, which does not appear in any previous X-ray catalog of M31. This source has a good point source counterpart candidate. In this case, the counterpart candidate is a bright red star, undetected in the UV. The PHAT photometry places it above the tip of the red giant branch, and it is in a region with a high star formation rate. This could be a potential supergiant X-ray binary, and would be of particular interest for spectroscopic follow-up.
RESULTS
Our final source catalog columns are described in Table 3, and the values are provided in Table 4 , including all of the X-ray measurements for each source found in our 7 observations, the mean extinction at that location in M31, a one letter code for our best optical counterpart candidate determination, and descriptions from the visual inspection of the PHAT images. We discuss the characteristics of the sources in detail below.
X-ray Properties
The main goal of this work was to provide exquisite astrometry for the X-ray sources. We did not acquire deep enough data for detailed spectral analysis of the sources. Much of this work is in a complementary XMM-Newton program (Sasaki et al. 2018, A&A, submitted) . However, we did measure fluxes in many energy bands, allowing us to examine hardness ratios in the context of the counterpart candidate types. In Figure 8 , we plot the hardness ratios of sources with >20 counts (0.35-8 keV, ∼1.2e-14 erg cm −2 s −1 ) in our data, color-coding the points by the candidate type. We use fluxes in: S=0.35−1 keV, M=1−2 keV, and H=2−8 keV. We see the wellknown separation of SNRs and foreground stars which are soft (Pietsch et al. 2005; Tüllmann et al. 2011 ), congregating at or below (M-S)/(H+M+S) values of -0.25; however, we also see that all of the hardest sources ((H-M)/(H+M+S) >0.8) with counterpart candidates are background galaxy candidates. While the uncertainties in these ratios, which are±∼0.2, make it difficult to reliably separate source types in this crowded part of the diagram, this distribution hints that sources with very high (H-M)/(H+M+S) ratios may be more likely to be background galaxies. More sensitive observations would be necessary to confirm such a possibility.
Optical Counterpart Candidates
We found optical counterpart candidates from the PHAT data for 188 sources. These include 6 SNRs, 5 star clusters, 12 foreground stars, 107 resolved background galaxies, and 58 point sources. There were also 185 sources with no clear PHAT counterpart candidate. Below we discuss each of these source types in turn.
Supernova Remnants, Star Clusters, and Foreground Stars
The SNRs and foreground stars are relatively easy to distinguish in our survey due to their soft X-ray spectra, and their clear detections in radio (e.g., Braun 1990; Kong et al. 2003; Williams et al. 2004b; Galvin & Filipovic 2014) and/or narrow-band optical wavelengths (Lee & Lee 2014, e.g.,) .
Six previously-known SNRs were detected in our survey. Table 5 lists the catalog name of the detected SNRs, the S11 source ID #, if the remnant was detected in the radio or the optical, the Lee & Lee (2014) identification number if it exists, the counts in the 0.35-8.0 keV band, the absorption-corrected luminosity in the 0.35-8.0 keV band, if the source shows extent beyond that expected for a point source and if there is any evidence of hard emission (¿2.0 keV). The source extraction region created by ACIS-Extract was examined and adjusted to be larger for these six objects if there was flux outside of the extraction region. As SNRs are not point sources, the measurements in Table 5 are much more reliable for these sources than those in the point source catalog.
Our survey was conducted with the ACIS-I array to maximize the field-of-view. Thus the sensitivity to soft sources such as SNRs is lower than with the S3 CCD on ACIS-S. However, the high angular resolution of the Chandra data enables a search for emission extended beyond that expected for a point source and a search for hard emission that might indicate the presence of a central compact object or pulsar wind nebula. Given that the detected counts range from ∼5 to 36, a spectral analysis is not feasible. However, the spatial distribution of the counts was examined for evidence of extended emission and the counts above 2.0 keV were examined for evidence of hard emission.
The sources CXO J004513.88+413615.7, CXO J004413.49+411954.1, and CXO J004451.06+412906.6 show evidence for extended emission, but given the limited number of counts it is difficult to estimate the size of the SNR in X-rays. A deeper observation close to on-axis would be required to characterize the spatial distribution as "shell-like" or "center-filled".
Given that the detected counts range from ∼ 14 to 83 counts, the luminosities were determined by assuming an APEC model in XSPEC with a temperature of kT = 0.6 keV, neutral hydrogen column density of N H =7.0 × 10 20 cm −2 , and solar abundances. We fit this model to the data with the only free parameter being the normalization. Two of the SNRs, CXO J004513.88+413615.7 and CXO J004451.06+412906.6, appear in more than one observation, such that the spectral data were combined from the two observations and weighted response files were created using specextract in CIAO. Of the six SNRs detected, only CXO J004451.06+412906.6 shows evidence for hard emission, there is a clear excess at high energies that can not be well fitted by an APEC model with kT = 0.6 keV. Therefore a power-law component was added to the spectral model with a fixed index of Γ = 2.0 and a variable normalization. The hard counts appear to be centrally concentrated, whereas the soft counts appear around the periphery of the hard counts. A much deeper observation would be required to confirm this morphology. CXO J004451.06+412906.6 is a promising candidate for a central compact object and/or pulsar wind nebula.
The 5 star clusters were well known globular clusters. Two of our sources match to S11 sources that were globular cluster candidates in their survey, but do not appear as clusters in the PHAT data. Source 004343.00+412850.0, which matches to S11 source 1289, had a tentative S11 classification as a globular cluster, but the HST image shows a well-resolved background galaxy at the source location. Source 004353.65+411655.4, which matches to S11 source 1327 had a tentative S11 classification as a globular cluster, but the PHAT data shows no globular cluster at the Xray source location. This source is particularly interesting as it is very bright in X-rays but has no outstanding optical source in the error circle. These traits may make this source an X-ray binary candidate.
The 12 foreground stars we detected have mostly been previously identified. These are easily seen from the ground as they appear very bright in the optical. Thirteen of the objects in our field matched to S11 are foreground stars. Eleven of the sources classified as foreground by S11 were independently matched to foreground stars by us. In 2 cases, sources that were classified as foreground stars in S11, were not classified as foreground stars by us. One of these (CXO J004541.06+412752.7) was outside of the PHAT footprint. The other (CXO J004532.11+414527.4) is extended in the PHAT data, suggesting a background galaxy. In one case, CXO J004604.55+414943.7, we see a foreground star, but S11 classified this object as a SNR candidate. The source is very far off axis, where the point spread function is >8 , so the position uncertainty is large and we cannot determine if the source is extended. The foreground star is just outside of the one-sigma position uncertainty, so this source classification is still quite uncertain.
One source was near a foreground star, but the small Chandra uncertainties show that it is unlikely to be associated. Source CXO J004427.13+412258.2 is just 1 away from of foreground star, but the star is clearly outside of our Chandra error circle, and the hardness ratio is harder than those of typical foreground stars. This source is a newly detected transient by our survey, and the PHAT data show a bright M31 star in the error circle, making it likely to be an X-ray binary in M31. Figure 9 , compares the 0.5-7 keV flux distribution of our galaxies (90% of the 0.35-8 keV flux) to the 0.5-7 keV flux distribution of the Luo et al. (2017) Chandra Deep Field catalog for fluxes >3×10 −15 erg cm −2 s −1 . The distribution has been normalized so that both samples have a total of 1. The remarkable similarity suggests that our counterpart candidates are correct for these sources, and they are indeed background. Our high fraction of background galaxies (57% of our counterpart candidates) is consistent with statistical estimates for the background contamination in the M31 field. The 107 background galaxies we have identified can now be removed from studies attempting to obtain a cleaner sample of M31 X-ray sources. After removing the 188 sources with counterpart candidates from the sample, there are 185 sources without candidates. Based on scaling relations (e.g., Lehmer et al. 2014) , we expect ∼100 LMXBs in this region based on the stellar mass. Thus, it is likely that about another hundred sources in our catalog are still unidentified background galaxies, which is also consistent with expectations from the Chandra Deep Field, as discussed below.
Background Galaxies
The by-eye search of the PHAT data identified resolved background galaxies for roughly half of the total number expected from deep field statistics. Because of the uncertain impact of the presence of M31 on the detection of background sources, we can only make sensible estimates of the total number to expect as a sanity check. Based on the Chandra Deep Field (Luo et al. 2017) , we expect about half of our survey area (roughly 0.2 deg 2 ) to be sensitive to background sources down to 0.35-8 keV fluxes of ∼3×10 −15 erg cm −2 s −1 . Luo et al. (2017) measured ∼1000 sources deg −2 down a 2-7 keV flux level of 10 −15 erg cm −2 s −1 , suggesting that roughly 200 of the sources we detected are background galaxies. If there are another ∼90 background galaxies in our sample (∼200-107), their host galaxies were too faint or too absorbed to be seen in the PHAT images. The A V distribution of the source locations (see Section 3.3) does not appear to have many areas of high extinction, so optical counterpart intrinsic faintness may be more to blame for non-detections than absorption. Some fraction of our point source candidates could also be AGN where the host galaxy was too faint in the optical for us to detect. In any case, the number of unidentified sources appears to be consistent with a combination of the expected number of LMXBs given the M31 stellar mass and the expected number of additional background galaxies from the Chandra Deep Field.
Among the large number of high-quality new galaxy candidates behind M31 we have found, one of our AGN had been previously identified by Williams et al. (2014a) as an HMXB candidate. In that study, spectra were obtained for blue sources detected in ground based images within the error circles of the XMM-Newton catalogs of M31. One of these was the strong S11 HMXB candidate 1716, which is our source CXO J004556.98+414832.0. The blue star was spectroscopically determined to be a high mass star in M31; however, in this case, the Chandra position and HST imaging reveals a red background galaxy at the position of the X-ray source, while the bright blue M31 star is about 2 away from the Chandra position. Here is a case where the improved image quality revealed a complex location that was over-simplified with lower resolution X-ray and ground-based optical data.
Point Sources
In Table 6 , we list the subset of sources with stellar counterpart candidates in the PHAT survey, along with the PHAT positions and photometry. Three of our sources (CXO J004537.84+414856.7, CXO J004537.67+415124.4, and CXO J004502.33+414943.1) contained both a UV point source and a background galaxy in the Chandra error circle. In these cases, we made a note of the galaxy in the notes column; however, we take the UV emission as the strongest sign of the counterpart. Thus, these sources received "p" designations in the catalog, and we included these in our point source analysis. Figure 9 shows that the flux distribution of these sources differs from that of galaxies in that the point sources tend to be brighter, consistent with this sample is probing a separate population that contains a larger fraction of sources in M31.
The PHAT point source counterpart candidates mostly have non-standard colors. These colors made them stand out in the PHAT imaging allowing us to identify them as very good counterpart candidates because any contribution from an accretion disk or irradiation from the X-ray source may cause non-standard colors. As shown in Figure 5 , some of the colors are consistent with the relatively flat spectral energy distributions expected for AGN, which argues against these objects belonging to M31. However, since these colors may also be due to a hot X-ray source in a binary system and these counterpart candidates are too optically bright to be low-mass X-ray binaries, we include all of these sources as potential high-mass X-ray binaries. We plot the X-ray fluxes vs. the optical (F475W) magnitudes of these sources in Figure 9 , and the best HMXB candidates generally fall at lower X-ray fluxes than the other candidates.
For these PHAT point sources that were not clearly foreground stars (i.e. saturated sources with bright diffraction spikes), we studied the local stellar populations to shed light on their nature. In particular, we would expect HMXBs to reside in young regions. Thus, we used the star formation history results of Lewis et al. (2015) to constrain the age distribution of any co-located population of stars younger than 80 Myr. We then take the dominant age to be the most likely age of the HMXB system. Note that this is not the time since the binary began producing X-rays, but the time since the binary itself was formed. Source CXO J004339.06+412117.6 falls in the portion of the PHAT footprint that was considered too crowed to measure a reliable SFH, leaving 54 sources with local SFH measurements.
Using the local SFHs, we calculate an age probability distribution function. We limit the age as older ages can be significantly contaminated by unassociated stars, which could swamp the signal. In addition, neutron star and black hole primaries likely come from core-collapse SNe, which are produced by stars in this age range. Thus, the main assumptions are that the source is an HMXB and that mass transfer onto the compact object began shortly after the compact object formed. We show a few examples of these star formation histories and age distributions in Figure 10 .
HMXB ages, as inferred from their surrounding populations, provide sensitive tests of binary formation and evolution models. The theoretical work of Belczynski et al. (2008) shows the luminosity distribution to be sensitive to star formation history, and Linden et al. (2010) predict that higher metallicity populations of bright HMXBs will have a younger distribution than lower metallicity populations. These predictions have been qualitatively consistent with observations; for example, Antoniou et al. (2010) and Williams et al. (2013) both find that HMXBs have preferred ages at ∼40-60 Myr, and Antoniou & Zezas (2016) find evidence for a younger HMXB population (6-25 Myr) in the higher metallicity LMC. In M31, we probe the highest metallicity (roughly solar; Venn et al. 2000; Gregersen et al. 2015) extragalactic HMXB sample yet, putting these predictions to an even stronger observational test. If HMXB ages are strongly influenced by metallicity then, since M31 generally has a higher metallicity than the LMC, we should see that in M31, HMXBs are very young (compared to the SMC and LMC).
From these stellar age distributions, we then calculated the stellar mass in each 0.1 dex wide age bin <80 Myr and divided it by the total amount of stellar mass <80 Myr old. This calculation provides the fraction of young stars in each bin, which is a proxy for the probability that the HMXB has that age. The result is a probability distribution function for the age of each HMXB candidate living in a population of stars with ages <80 Myr. These probabilities are provided in Table 7 . If the counterpart is correct, then this result is our best estimate of the age of the progenitor of the compact object, and the X-ray source is likely an HMXB. In cases lacking a young population (denoted with a "c" in Table 6 ), the source is less likely to be an HMXB; however, the counterpart candidate is not ruled out, as it may be a background AGN with a very faint host, a more evolved lower-mass star, or a runaway massive star.
To investigate the age distribution of the HMXB candidates, we added the probability distributions together. Forty of the stellar candidates have a significant detection of a young (<80 Myr) population in the Lewis et al. (2015) maps. The sum of the probabilities provides an estimate of the age distribution of our HMXB candidates. We show this distribution for the full sample of point source counterpart candidates, as well as our subsample of the best HMXB candidates in Figure 11 . In each panel, the histogram shows the age distribution of the HMXB candidates, and the black lines show 50 draws of SFHs from random draws from the locations of Xray sources associated with background galaxies in our catalog. We do not include LMXBs as a separate set of candidates here, as they are not distinguishable from undetected background galaxies in our data.
All random background galaxy locations show a higher probability of being older than 30 Myr than being younger. This result suggests that these slightly older populations spread over larger areas than the younger ones. There is a hint that the full point source counterpart sample has a higher fraction of areas with ∼20 Myr old populations than the control. If we are more conservative in our choice of candidates, choosing only candidates that looked particularly stellar or relatively blue in the PHAT images (marked with blue diamonds in Figure 5 ), we find the 8 marked with an 'a' in Table 6 . Six of these have local SFH measurements, and all 6 are in regions with recent star formation. Their age distribution (right panel of Figure 11 ) has 2 ages: one at 15-20 Myr, and one at 40-50 Myr.
The 40-50 Myr peak is similar to that found for other samples of HMXB candidates in nearby galaxies, and may be attributable to the characteristic timescale for neutron star formation and B-star activity (Antoniou et al. 2010; Williams et al. 2013 ). The 15-20 Myr peak is observed in the Large Magellanic Cloud (Antoniou & Zezas 2016 ), and appears to coincide with a star formation episode 6-25 Myr ago. These results could be hinting that the star formation rate in M31 has been more continuous than in the much smaller SMC and LMC, allowing HMXBs to form at multiple ages, perhaps through multiple channels. Seeing both ages in M31 suggests that both formation timescales occur at high metallicity, which would point to differences between the Magellanic Cloud populations being more attributable to star formation history than to metallicity.
Extinction
In our catalog, 341 of the sources are located inside the area of the PHAT footprint covered by the Dalcanton et al. (2015) extinction map. For all of these locations, we found the A V of the 3.3 pixel on the Dalcanton et al. (2015) map covering the location. This value is the mean extinction of the M31 stars in that 3.3 ×3.3 region. We report this value in our catalog. However, we note that any individual source may not actually experience the mean extinction depending on its position along the line of sight in the M31 disk. We note that Sasaki et al. (2018, A&A, submitted) has performed spectral fits to the XMM data of many of these sources, finding higher N H values for the background galaxies, confirming that the mean extinction in M31 does not reflect the full absorption column toward background objects.
We plot histograms of these extinction values in Figure 12 for the complete A V map, the total sample, and for subsamples broken down by counterpart candidate. Overall, the distributions do not show strong differences. There is no evidence that the X-ray sources or their counterpart candidates are preferentially found in regions of low extinction, as might be expected if dust were strongly inhibiting our ability to detect sources or counterpart candidates. Several of the sources in the highest extinction locations are associated with resolved background galaxies, but the background galaxy distribution has similar extinction values as the full sample distribution.
These distributions all suggest that counterpart candidate determination is not strongly correlated with extinction in M31. Thus, extinction does not appear to be a limiting factor in finding counterpart candidates for X-ray sources in M31. The displaced colors of many of the sources shown in Figure 5 do not appear to be due to dust, which is not surprising since dust would make them much redder than observed in F336W-F475W. Apparently, intrinsic faintness of the counterparts, whether background galaxies or M31 stars, is limiting our ability to find more counterpart candidates. We note that we do not find any good stellar or star cluster counterpart candidates in regions of M31 with mean A V >2.1, but there are very few X-ray sources detected in these dusty regions, and perhaps the X-ray sources in such regions are continuing to go undetected. Such regions are also very rare in M31, which is consistent with the ease of identifying background galaxies through modest dust columns.
CONCLUSIONS
We have obtained Chandra imaging covering a large fraction of M31 with Hubble Space Telescope imaging obtained by the Panchromatic Hubble Andromeda Treasury (PHAT) survey. Combining these data sets, we have produced a catalog of X-ray sources along with their most likely optical counterparts from HST. These optical counterpart candidate identifications allow background galaxies and high-mass X-ray binaries to be separated from other potential hard sources, such as low-mass X-ray binaries.
• We find that most counterpart candidates are resolved background galaxies, and that there are over 100 of these, which is consistent with the majority of X-ray sources in the M31 disk field being background contaminants if we assume a similar fraction of the sources with no counterpart candidate are undetected fainter background galaxies. This assumption is consistent both with the expected number of background galaxies estimated from the Chandra Deep Field and with the expected number of LMXBs estimated from the PHAT stellar mass.
• We find about a third of the point source counterpart candidates are not associated with any young stellar populations.
• The number of optical point source candidates (58) is larger than the expected number of bright HMXBs in this region, but it is similar to expectations if about half of the 40 candidates in regions with young stellar populations are indeed HMXBs.
• We find 8 of the point source counterpart candidates have colors typical of single stars, suggesting that many of the point sources in this sample are background galaxies. The number of good HMXB candidates is somewhat below the number expected from the star formation rate and number of OB stars in the region surveyed; however, some of the other point source candidates could be HMXBs with odd colors due to binarity. Further observations will be necessary to determine if M31 actually has as many bright HMXBs as predicted by scaling relations.
• We find that the age distribution of the young populations surrounding the point source counterpart candidates (including the 8 with typical star colors), is peaked at 15-20 Myr and 40-50 Myr in agreement with previous studies in other nearby galaxies (Antoniou et al. 2010; Williams et al. 2013; Antoniou & Zezas 2016 ), but at higher metallicity.
• Based on the extinction results here, dust does not appear to be significantly impeding the searches for optical counterparts.
The production of this catalog is only the beginning of the Chandra-PHAT program. We are currently working to perform and study MCMC fits to the spectral energy distribution from the PHAT photometry of all of the sources within 3-σ of X-ray sources using the Bayesian Extinction and Stellar Tool (BEAST Gordon et al. 2016) similar to those done for the NuSTAR sources in Lazzarini et al. (2018) . These fits will likely provide further confirmation of our original classifications presented here, and may result in a few new classifications in cases where there were no obvious candidates in our CMDs or images. Furthermore, the SED fits should allow us to provide physical parameters for the secondaries. Finally, follow-up spectroscopy of our optical point source candidates will help identify more HMXBs, type their secondaries, and measure orbital periods. In turn, we can use all of these measurements in addition to the local star formation histories to place new constraints on X-ray binary formation and evolution models by improving the statistics on their age and mass distributions which the models should reproduce.
Support for this work was provided by Chandra Award Number GO5-16085X issued by the Chandra X-ray Observatory Center, which is operated by the Smithsonian Astrophysical Observatory for and on behalf of the National Aeronautics and Space Administration under contract NAS8-03060. M.S. acknowledges support by the Deutsche Forschungsgemeinschaft (DFG) through the Heisenberg fellowship SA 2131/3-1 and the Heisenberg professor grant SA 2131/5-1. B.W., M.S. & P.P. acknowledge partial support for this research through the Chandra Research Visitors Program. -Examples of optical sources used to align our Chandra imaging to the PHAT imaging shown on 10 ×10 PHAT and Chandra images, oriented with north-up and east-left. Top: Source CXO J004429.57+412135.7 in observation 17008 clearly matches a star cluster. The left panel shows the PHAT image (red=F160W, green=F814W, blue=F475W), with the Chandra position (blue circle) marked. The right panel shows the same markings on the color Chandra image (red=0.35-1 keV, green=1-2 keV, blue=2-8 keV, all smoothed with a Gaussian kernel of radius 3 pixels). Bottom Source CXO J004407.44+412500.0 in observation 17008 is very soft and clearly matches a bright star in the PHAT image. Because it is so soft, that star is likely to be in the foreground, as bright XRBs typically have hard X-ray spectra. Panels show images and markings corresponding to the same bands and instruments as top. First is a high-quality HMXB candidate CXO J004420.18+413408.2. Next is a candidate with atypical colors, CXO J004527.88+413905.5. Finally is a candidate in a region without any young stellar population, CXO J004437.96+414512.6. For each source, for example CXO J004527.88+413905.5, the four panels depict Upper-left: CMD in the near-UV (F336W-F475W) from the PHAT catalog of objects within 10 of the position of Source CXO J004527.88+413905.5. Grayscale shows all stars in a 5 circle surrounding the source location for context. Purple dots mark other sources within the error circle with measured F336W and F475W magnitudes. However, none of these examples contain any such sources. The blue star marks the position of the best counterpart candidate as it is UV-bright in addition to being spatially coincident with the position of the X-ray source. Upper-right: Same as Upper-left but for the optical (F475W-F814W) CMD. The object is much brighter and redder in the optical than a typical star, suggesting that the SED is being affected by the X-ray source (see Section 2.3). Lower-left: F336W PHAT image of a 10×10 region surrounding the X-ray position. The 1-σ and 3-σ error circles are overplotted in heavy and light white circles, respectively. A single bright star is circled in blue. Lower-right: Color PHAT image of the same region (blue is F475W, green is F814W, and red is F160W). In addition to the spatial alignment, this object is an excellent counterpart candidate because of its atypical colors. -UV-optical and UV-IR color-color diagrams of the best stellar optical counterpart candidates. Other M31 stars near the X-ray sources (black points) follow a clear locus. The area of the plot where a flat spectrum or a QSO spectrum would fall is shaded yellow in the left panel, and the area where foreground stars would occupy is shaded yellow in the right panel. Many counterpart candidates fall redward of the stellar locus and in regions expected for sources with non stellar spectra, suggesting that they are not normal single stars, but either binaries in M31 or background galaxies. The counterpart candidates with the bluest colors, typical of young massive stars in M31, are plotted in blue. These 6 are our best HMXB candidates. Figure 3 , but instead of alignment sources, these are examples of background galaxies found in the PHAT imaging after alignment. Top: Source CXO J004535.86+413322.8 in observation 17010 is clearly extended and red in the optical. The left panel shows the PHAT image (red=F160W, green=F814W, blue=F475W), with the Chandra 1-σ position error marked in blue. The right panel shows the same markings on the color Chandra image (red=0.35-1 keV, green=1-2 keV, blue=2-8 keV). The source is clearly extended and red in the optical. Bottom Source CXO J004437.52+415124.9 in observation 17012. Panels show images and markings corresponding to the same bands and instruments as top. Here the background galaxy near the top of the 1-σ position error is very faint and red, but distinct from the stars in the image. Many of the hardest sources show negative counts in the soft band due to uncertainties in the background level when zero counts are detected in the soft band. The area at the bottom of the plot is dominated by foreground stars and SNRs, and the area at the extreme right of the plot is dominated by background galaxies. (Luo et al. 2017) , the 107 sources with background galaxy candidates in our sample, and the 58 sources with point source optical candidates in our sample. While the galaxies follow a very similar distribution to the CDF, the point sources do not, confirming that they represent a different population of sources. Right: The X-ray fluxes vs. F475W magnitudes of the point source counterpart candidates. The different point types correspond to the three tiers of counterpart candidates in Table 6 . Fig. 10 .-Age estimation of HMXB candidates. These ages refer to the time since the parent binary system formed, and do not probe how long the binary has been producing X-rays. Top: CXO J004420.20+413407.4. Middle: CXO J004514.78+415034.2. Bottom: CXO J004637.23+421033.7. Left: Cumulative stellar mass fraction as a function of age for all stars <80 Myr old. This fractional distribution is calculated from the rates and uncertainties in right, which shows the most recent 80 Myr of the Lewis et al. (2015) star formation history of the region where the HMXB is located. Dashed line shows the median age for the best fit distribution. The gray shading shows the 1σ uncertainty range, and the red shading shows the ages consistent with the median age within the uncertainties. Fig. 11 .-Sum of the probability distributions for a few subsamples of the HMXB candidates. In each case, the green histogram with blue error bars shows the distribution (and uncertainty) of the candidates, the thin gray lines show the results of measuring the same distribution on equal-sized sets of SFHs taken from positions that do not include an HMXB candidate. The heavy black line shows the average of all of the thin gray lines. In short, the black lines show the effects of contamination (young stars that are unrelated to the presence of any HMXBs). Left: Distribution of all 58 point source candidates with SFH measurements, but only 40 are included because 17 did not reside in a region with recent star formation according to the PHAT data, and one did not have a PHAT SFH. Right: A sample of the 7 bluest stellar candidates with SFH measurements, which are our best HMXB candidates, all of which are in regions with recent star formation. Fig. 12. -Histograms of the mean A V for the entire PHAT survey and at the locations of X-ray sources in our survey within the PHAT footprint. Colors in the legend denote quantity being plotted, including the distributions of sources with various types of optical counterpart candidates. The numbers of point sources and clusters in each bin were doubled and the number of pixels in each bin was scaled down by a factor of 1500 to make the shapes of their distributions visible on the plot.
